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Hair follicle development serves as an excellent model to study control of organ morphogenesis. Three specific isoforms of
TGF-b exist which exhibit a distinct pattern of expression during hair follicle morphogenesis. To clarify the still elusive role
of these factors in hair follicle development, we have used a combined genetic and functional approach: analysis of hair
follicle development in mice with disruptions of the TGF-b1, 2, and 3 genes was coupled with a direct functional test of the
effect of added purified factors on fetal hair follicle development in skin organ cultures. TGF-b2 null mice exhibited a
rofound delay of hair follicle morphogenesis, with a 50% reduced number of hair follicles. In contrast to hair follicle
evelopment, growth and differentiation of interfollicular keratinocytes proceeded unimpaired. Unlike TGF-b22/2 mice,
mice with a disruption of the TGF-b1 gene showed slightly advanced hair follicle formation, while lack of the TGF-b3 gene
id not have any effects. Treatment of wild-type, embryonic skin explants (E14.5 or E15.5) with TGF-b2 protein in either
soluble form or slow release beads induced hair follicle development and epidermal hyperplasia, while similar TGF-b1
reatment exerted suppressive effects. Thus, the TGF-b2 isoform plays a specific role, not shared by the other TGF-b
isoforms, as an inducer of hair follicle morphogenesis and is both required and sufficient to promote this
process. © 1999 Academic PressKey Words: hair follicle; transforming growth factor-b; development; keratinocyte; differentiation; Ki-67.
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fINTRODUCTION
Hair follicle development offers an excellent model to
study control of organ morphogenesis. Several inductive
interactions between mesenchyme and epithelium are nec-
essary for initiation and subsequent steps of hair follicle
development (Hardy, 1992; Kratochwil et al., 1996; Jung et
al., 1998; Oro et al., 1998; Philpott and Paus, 1998). The
first event is characterized by an epidermal thickening
concurrent with a mesenchymal condensation, followed by
a subsequent invagination of the epithelium into the der-
mis surrounding the mesenchymal papillary structure. For-
mation of an epithelial placode and subsequent mesenchy-
1 To whom correspondence should be addressed at CBRC, MGH-
PEAST, 13th St., Charlestown, MA 02129. Fax: (617) 724-9572.
E-mail: Paolo.Dotto@cbrc2.mgh.harvard.edu.
278al aggregations also appear at the beginning of tooth and
eather development, suggesting that similar signals are
nvolved in the induction of hair follicle, feather, and tooth
orphogenesis (Thesleff et al., 1996; Morgan et al., 1998;
t-Jacques et al., 1998). In hair follicle development, at least
hree different inductive signals between epithelium and
esenchyme are necessary for this process to happen.
eterotopic recombination studies with undifferentiated
ouse skin indicate that the first signal probably goes from
he dermis to the epithelium to “make an appendage here,”
he second signal originates from the epidermis and induces
he mesenchyme to aggregate, and the third message origi-
ates again in the dermis and induces the adjacent epithe-
ial matrix cells to grow and differentiate into a mature hair
ollicle (Hardy, 1998; Oro and Scott, 1998; Philpott and
aus, 1998).
The nature of these inductive signals is unclear, but they
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279Role of TGF-b2 in Hair Follicle Developmentare generally assumed to involve diffusible factors. Likely
candidates are members of the transforming growth
factor-b (TGF-b) family. TGF-bs and the related bone mor-
hogenic proteins (BMP) are potent regulators of cell growth
nd differentiation and act as morphogens during embryo-
enesis. All members of the TGF-b superfamily contain
seven to nine conserved cysteine knots in their mature
region (Hogan, 1996). BMPs and TGF-bs share a 30% amino
cid homology (Kingsley, 1994) and trigger signals through
istinct heteromeric receptor complexes and separate
mad-dependent pathways (Baker and Harland, 1997; Hood-
ess and Wrana, 1997). By contrast, the three mammalian
soforms of TGF-b have a 70–80% homology in their amino
cid sequence and trigger the same heterodimeric receptors
Roberts et al., 1990; Hogan, 1996; Moses and Serra, 1996;
lark and Coker, 1998).
Despite eliciting common downstream pathways, the
hree TGF-b isoforms can exert distinct biological func-
tions, due to different expression patterns and intrinsically
different effects on specific cell types, which can be ex-
plained at least in part by differential binding to cell surface
proteins which control the accessibility of the TGF-b iso-
forms to the receptor (Letterio and Roberts, 1996; Letterio
and Bottinger, 1998; Massague, 1998). A dramatic illustra-
tion of different functions of the TGF-b isoforms is the
distinct phenotype of mice with a disruption of each of the
three TGF-b genes. TGF-b1 null mice die approximately
3–4 weeks after birth due to a wasting syndrome accompa-
nied by a multifocal inflammatory reaction (Shull et al.,
1992; Kulkarni et al., 1993). Instead, disruption of the
TGF-b2 gene results in cardiovascular defects and impaired
ung development, which are not compatible with life after
irth (Sanford et al., 1997), while a TGF-b3 mutation causes
cleft palate and defects in lung maturation (Proetzel et al.,
1995; Kaartinen et al., 1995).
The TGF-b1, 2, and 3 isoforms as well as TGF-b receptor
types I and II were shown to exhibit distinct patterns of
expression during hair follicle morphogenesis and cycling
(Heine et al., 1987; Millan et al., 1991; Pelton et al., 1991;
Paus et al., 1997). However, definitive conclusions about
the expression pattern of the individual TGF-b isoforms are
complicated by the fact that the sites of RNA and protein
expression do not necessarily coincide, that various groups
analyzed skin at various developmental stages, and that
they used antibodies with different immmunoreactivities.
For instance, TGF-b2 mRNA was found to be expressed at
day E15.5 in the dermis and to switch at day E18.5 to the
epidermis (Pelton et al., 1989), while TGF-b2 protein ap-
peared to be expressed in both dermis and epidermis at day
E15.5 (Pelton et al., 1991). TGF-b1 and 3 proteins were
reported to be expressed in the epidermis during early hair
follicle development and later in the epithelium of the
invaginating hair follicle (Pelton et al., 1991). In the mature
hair follicle TGF-b1 RNA was found in the inner root
heath, TGF-b2 RNA in the distal epithelium, and TGF-b3
n the proximal outer root sheath (St-Jacques et al., 1998;
elton et al., 1991). In feather development, TGF-b2 expres-
Copyright © 1999 by Academic Press. All rightion was found to be induced by sonic hedgehog. TGF-b2
tself, but not TGF-b1, was able to induce dermal conden-
ations in parallel with expression of NCAM, Tenascin-C,
nd downmodulation of PKC (Ting-Berreth and Chuong,
996a,b).
To clarify the still elusive role of the specific TGF-b
isoforms in murine hair follicle development, we have used
a combined genetic and functional approach. Analysis of
hair follicle development in mice with disruptions of the
TGF-b1, 2, and 3 genes was coupled with a direct functional
est of the effect of added purified factors on fetal hair
ollicle development in skin organ cultures. Our data indi-
ate that TGF-b2 plays a specific role, not shared by TGF-b1
and 3, as a required and sufficient inducer of hair follicle
morphogenesis.
MATERIALS AND METHODS
Animals and Tissue Analysis
Mouse embryos with a targeted disruption of the TGF-b1, 2, or 3
ene and wild-type littermates from heterozygous TGF-b1, 2, and 3
breeding pairs were sacrificed at either day E18.5 (TGF-b2) of
estation or immediately after birth (TGF-b1 and 3). The genotype
of homozygous knock-out and control mice was determined by
PCR analysis of their tail DNA with oligonucleotide primers
specific for the wild-type and disrupted alleles (Shull et al., 1992;
Proetzel et al., 1995; Sanford et al., 1997).
Full-thickness skin of the lower back (same location in each
mbryo) was harvested and immediately embedded in OCT for
ryosections and in formalin for longitudinal and horizontal paraf-
n sections. Routine H & E staining was done for morphological
valuation. The progress of hair follicle development was assessed
y morphometry using the classification of hair follicle stages of
ardy (1992).
Follicles in four microscopic fields (1003) per mouse were
ounted, and P values were calculated by independent Student’s t
tests. Thickness of the dermis was measured in H & E sections of
TGF-b2 knock-out and wild-type embryos at eight different points
per mouse (n 5 5/group).
For whole mounts full-thickness back skin of wild-type and
TGF-b2 null mutants was fixed in formalin for 1 h. Tissue was then
incubated in 75% EtOH and 25% acetic acid overnight at room
temperature. After 30 min incubation in 70% EtOH and two
washes in aqua dest, back skin was stained overnight in Carmine
Allaun (Sigma, 1:2 diluted with aqua dest). Tissue was then
processed in 70, 95, and 100% EtOH and placed into benzylalcohol
benzylbenzoate (Sigma).
Immunohistochemistry
Immunostaining for Ki-67 expression was performed on paraffin
sections with a high-temperature antigen-unmasking method in
citrate buffer and ABC peroxidase using a polyclonal rabbit anti-
body against Ki-67 (Vector Lab, Burlingame, CA; 1:500 in PBS), a
goat anti-rabbit secondary antibody (Vector Lab; 1:200), and DAB
substrate kit (Vector Lab).
For differentiation marker expression unfixed cryosections were
analyzed by immunofluorescence with polyclonal rabbit antibod-
ies against keratin 1 (1:500), keratin 5 (1:1000), filaggrin (1:500), and
s of reproduction in any form reserved.
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280 Foitzik et al.loricrin (1:100) using the ABC complex method (31). After blocking
steps with avidin, biotin blocking kit, and 10% normal goat serum
in PBS, sections were incubated for 1 h with primary antibodies in
PBS containing 0.3% Triton X-100 and 0.5% BSA. After incubation
with secondary goat anti-rabbit antibody (Vector; 1:200), the tissue
was labeled with Tex red or fluorescein-conjugated streptavidin.
For BrdU labeling, paraffin sections were deparaffinized and
rehydrated in aqua dest. After treatment of the tissue with 2 N HCl
for 20 min, sections were incubated at 37°C for 10 min with 0.1%
tyrosine and 0.1% cesium chloride in PBS and for 30 min at room
temperature with 0.1% Tween 20 and 0.5% BSA in PBS. A
monoclonal mouse antibody against bromodeoxyuridine was used,
which is labeled with alkaline phosphatase (Boehringer, Germany;
1:50). Fast red (Sigma) tablets were used as substrates and sections
were counterstained with hematoxylin (Fisher)
Skin Organ Culture
Skin organ culture was performed with 6-mm punch biopsies of
the back skin of E15.5 wild-type mouse embryos (CD-1 strain)
taken under a dissecting microscope and transferred to culture
inserts of a two-chamber tissue culture system containing a colla-
gen membrane (Costar Transwell). Skin explants were cultured in
DMEM (Gibco) with 10% fetal calf serum and 1% antibiotics and
antimicotics. Medium was placed in the outer and inner chamber
of the culture system to keep the skin explant moist. Explants were
incubated at 37°C at an atmosphere of 5% CO2 and 95% air for 1–3
days. Prior to harvesting, skin explants were labeled with 10 mM
rdU (Sigma) for 24 h. Skin explants were treated for 1–3 days with
00 ng/ml TGF-b1 or 2. Biopsies were harvested and embedded in
ormalin.
Growth Factors and Preparation of Beads
Human recombinant TGF-b1 and 2 was purchased from R & D
ystems. TGF-b1 and 2 were dissolved in 4 mM HCl and 0.1% BSA.
or slow-release bead preparation, TGF-b1 or TGF-b2 was used to
coat Affi-gel blue beads (Bio-Rad, 100–200 mm in diameter) as
escribed (Ting-Berreth and Chuong, 1996b). Briefly, Affi-gel blue
eads were washed twice in PBS and added to 5-ml aliquot of
GF-b1 or 2 (final concentration 10–20 ml/ml) and incubated for
1 h at 37°C. Beads were used immediately by placing them on top
of the skin explant for 24 h. Control beads were treated the same
way as TGF-b beads without addition of factors.
RESULTS
Delayed Hair Follicle Development and Reduced
Number of Hair Follicles in TGF-b2-Deficient Mice
Although first pelage hair follicles are induced around day
14 of mouse development, most hair follicles develop in
murine back skin around birth (Hardy, 1992). Thus, new-
born skin contains hair follicles in all stages of morphogen-
esis. To assess whether any of the TGF-b isoforms play an
essential function in hair follicle development, we analyzed
the skins of newborn mice with a homozygous disruption of
each of the three TGF-b isoforms together with wild-type
littermates.
Hair follicle development has been divided into eight
g
t
Copyright © 1999 by Academic Press. All rightdifferent stages. Stage 1 corresponds to the appearance of an
epidermal thickening—placode—and stage 2 to the forma-
tion of an epithelial hair bud and its migration into the
dermis concurrent with a mesenchymal condensation. In
stages 3 and 4, hair bud keratinocytes migrate further
downward into the dermis and surround the dermal papilla.
Stage 5 of hair follicle morphogenesis is characterized by
the formation of the inner root sheath (IRS) and the appear-
ance of first sebocytes. Stages 6 and 7 correspond to hair
shaft formation and lengthening of the inner root sheath
until the hair shaft reaches the surface of the epidermis (for
more details see Philpott and Paus, 1998). Mice with a
targeted disruption of the TGF-b2 gene die shortly before,
uring, or after birth (Sanford et al., 1997). Therefore,
ull-thickness skin of the lower back (same location in each
mbryo) from TGF-b2 null mice was analyzed at day E19
ogether with wild-type littermates as control. Hair follicles
n wild-type mice were rather evenly distributed between
ll developmental stages, with a maximum at stage 3, 4, and
eyond (Figs. 1A, 1C, and 1E and Fig. 2A, left panel). By
ontrast, hair follicles in TGF-b2-deficient mice were
ostly still in the initial stages of hair follicle development
epidermal thickening and hair bud formation, stages 1 and
, Figs. 1B, 1D, and 1F and Fig. 2A, left panel). In addition to
eing more immature, statistical analysis revealed a signifi-
ant reduction in density of hair follicles per microscopic
eld (mf) in TGF-b2 null mice (Figs. 1D, F and 2, central
panels). Morphometric measurements revealed that the
thickness of the dermis in TGF-b2-deficient embryos was
lso ;50% reduced compared to the wild type (Fig. 2A,
ight panels). Immunohistological analysis of dermal blood
essels using a monoclonal rat antibody against CD31
PECAM) revealed no difference in the number and mor-
hology of vessels between TGF-b2 knock-out and wild-
type mice (data not shown).
Analysis of TGF-b1 null mice on day 1 after birth showed
a slightly reduced number of immature hair follicles (stages
1 and 2) and a slightly increased number of mature follicles
(stages 5, 6, and 7) compared to wild-type littermates (Fig.
2B and Figs. 3A and 3B). Unlike TGF-b1- and 2-deficient
mice, TGF-b3 null mice were found to have no morphologi-
cal alterations in their skin and hair follicle development
(Fig. 2B and Figs. 3C and 3D).
Thus, deficiency of TGF-b1 results in a slight increase in
air follicle maturation, while lack of TGF-b3 has no
ecognizable effect. In contrast, disruption of the TGF-b2
ene results in significantly delayed hair follicle develop-
ent and reduction of the total number of hair follicles.
Epidermal Growth and Differentiation Are Not
Affected in TGF-b2 Null Mice
The observed abnormalities in hair follicle morphogen-
esis of TGF-b2-deficient mice may be due to an intrinsic
lock of hair follicle development or may result in more
eneral alterations in keratinocyte growth and differentia-
ion. To examine the proliferative compartment of the skin
s of reproduction in any form reserved.
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281Role of TGF-b2 in Hair Follicle Developmentof TGF-b22/2 versus TGF-b21/1 skin, we performed
mmunohistochemical analysis with antibodies against Ki-
7, a marker for proliferation. Quantitative histomorphom-
try of Ki-67-positive cells in the basal cell layer of the
FIG. 1. Hair follicle development in TGF-b2 null mice compared
ild-type (A) and TGF-b2 (B) null mutant mice. Hair follicle develo
n the figure): Stage 1 corresponds to the appearance of an epidermal
ud and its migration into the dermis concurrent with mesenchyma
ownward into the dermis and surround the dermal papilla. Stage 5
nner root sheath (IRS) and the appearance of first sebocytes. Stages
oot sheath until the hair shaft reaches the surface of the epiderm
Horizontal paraffin sections of the back skin from TGF-b21/1 (C)
TGF-b2 null mice. Scale bar: 120 mm. Carmine–allaun whole-mou
umber of hair follicles in TGF-b21/1 mice and red staining in mo
320mm.pidermis revealed only a slight increase in the number of
ositive cells in TGF-b2-deficient mice compared to wild-
d
Copyright © 1999 by Academic Press. All righttype littermates (Fig. 4). The number of Ki-67-positive cells
in the dermis of TGF-b2 null mice was also similar to the
ild type. Very few cells in the skin were positive for
poptosis, using the TUNEL technique, and no significant
ild-type littermates. H & E section of the back skin of day E18.5
nt has been divided into eight different stages (referred to as S1–S8
kening—placode—and stage 2 to the formation of an epithelial hair
densation. In stages 3 and 4, hair bud keratinocytes migrate further
air follicle morphogenesis is characterized by the formation of the
d 7 correspond to hair shaft formation and lengthening of the inner
r more details, see Philpott and Paus., 1998). Scale bar: 100 mm.
TGF-b2/2 (D) mice show the reduced number of hair follicles in
ining of TGF-b21/1 (E) and TGF-b22/2 (F) mice. Note increased
vanced hair follicles compared to TGF-b22/2 mutants. Scale bar:to w
pme
thic
l con
of h
6 an
is (fo
and
nt staifferences between TGF-b21/1 and 2/2 were detected
(data not shown).
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282 Foitzik et al.To determine the number of cells undergoing active DNA
synthesis, explants of TGF-b22/2 and b21/1 skin were
labeled for 24 h with BrdU. Even with this assay the number
FIG. 2. Hair follicle maturation and density in TGF-b1, 2, and 3 nu
of hair follicle development in TGF-b2-deficient mice compared to
mean 6 SD). 40 follicles/embryo were counted and developmental
were counted in at least two sections/embryo in TGF-b22/2 and
enotypes were compared by unpaired two-tailed Student t test.
easured histologically in H & E sections at eight different points p
ermal thickness in micrometers. Data are shown as means 6 SD
alues: *0.05, **0.01, and ***0.001. (B) Quantification of hair follic
5 5) and wild-type (1/1, n 5 5) mice. x-axis, developmental stage
/group) were counted and developmental stages were assessed.
FIG. 3. Hair follicle development in TGF-b1 and 3 null mice comp
rom TGF-b1 wild-type (A), TGF-b12/2 (B), TGF-b3 wild-type (C),
air follicle development is provided in Fig. 2B.
IG. 4. Proliferation of basal keratinocytes in TGF-b2-deficient
wild-type and (B) TGF-b2 null mutants. (C) Nonimmune control. N
ar: 100 mm. (D) Comparing genotypes for number of Ki-67-positive ce
different litters (n 5 5 per group) and shown as means 6 SD. Abbreviat
Copyright © 1999 by Academic Press. All rightof cycling cells was found to be similar in the TGF-b2-
deficient skin compared to the wild-type control (data not
shown).
ce compared to wild-type littermates. (A) Left panel: quantification
type. x-axis, developmental stages; y-axis, hair follicles in percent
es were assessed. Middle panel: Total numbers of hair follicles/mf
ice (n 5 5 per group). y-axis shows total number of follicles/mf.
ues: *0.05 and **0.01. Right panel: Thickness of the dermis was
ctions in TGF-b21/1 and 2/2 mice (n 5 5 per group). y-axis shows
notypes were compared by unpaired two-tailed Student t test. P
velopment in TGF-b1 (left) and 3 (right) newborn, null mice (2/2,
xis, hair follicles in percent (mean 6 SD). 40 follicles/embryo (n 5
to wild-type littermates. Longitudinal H & E sections of back skin
TGF-b32/2 mutant (D) mice. Quantitative histomorphometry of
in vivo compared to wild-type littermates. (A) Ki-67 staining in
e reduction of the panniculus carnosus in TGF-b2 null mice. Scalell mi
wild
stag
wt m
P val
er se
. Ge
le deared
and
mice
ote thlls. Data were pooled from TGF-b22/2 and 1/1 mice from four
ions used: DP, dermal papilla; PC, panniculus carnosus.
s of reproduction in any form reserved.
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284 Foitzik et al.In addition to proliferation, we tested whether differen-
tiation proceeded normally in TGF-b2 null skin. Keratin 5
FIG. 5. Epidermal differentiation of interfollicular keratinocyte
xpression in hair follicles and basal cell layer of the epidermis of
the spinous layer of the epidermis of wild-type (C) and TGF-b2
expression in the upper layers of epidermal keratinocytes in 1/1
ilaggrin expression in the more differentiated layers of the epiderm
GF-b2-deficient (H) mice. Arrows indicate basal membrane. Scals a differentiation marker specific for the outer root sheath
f hair follicles and the basal cell layer of the epidermis.
t
a
Copyright © 1999 by Academic Press. All righteratin 1 (K1) is expressed in the spinous layer and loricrin
nd filaggrin are found in the more differentiated layers of
TGF-b22/2 mice compared to wild-type littermates. (A, B) K5
-type (A) and TGF-b2 null (B) mice. (C, D) Keratin 1 expression in
ient (D) mice (arrows indicate basal membrane). (E, F) Loricrin
nd 2/2 mice (F). Nuclear staining with propidium iodide. (G, H)
ike loricrin. No difference is detectable between wild-type (G) and
: 60 mm.s in
wild
-defic
(E) ahe epidermis. Immunofluorescence analysis revealed that
ll these markers (K1, K5, filaggrin, and loricrin) were
s of reproduction in any form reserved.
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285Role of TGF-b2 in Hair Follicle Developmentsimilarly expressed in TGF-b2 knock-out and wild-type
FIG. 6. TGF-b2 increases hair follicle induction in embryonic
skin explants in vitro. BrdU staining of wild-type E15.5 skin
explants treated with TGF-b2 (100 ng/ml) (B) or vehicle (A) for 24 h.
cale bar: 80 mm. (C). Total number of follicles/mf (four fields per
section/embryo) in TGF-b2-treated skin explants (n 5 12/group)
and control were compared by unpaired two-tailed Student t test.
y-axis shows number of follicles in percent/microscopic field. Data
were pooled from three independent experiments and shown as
means 6 SD. P value: ***0.001.kins (Fig. 5).
Thus, lack of the TGF-b2 gene results in a specific block
f
Copyright © 1999 by Academic Press. All rightf hair follicle development, which cannot be explained by
eneral alterations in keratinocyte growth and differentia-
ion.
TGF-b2, but Not TGF-b1 Treatment Induces Hair
Follicle Development in Vitro
The above results show that TGF-b2 plays a necessary
function in both initiation and development of hair fol-
licles. To assess whether TGF-b2 is by itself sufficient for
hair follicle induction, we examined the effect of exogenous
TGF-b2 on embryonic skin organ cultures.
In a first set of experiments, we added TGF-b2 protein
irectly to the medium for 1 or 2 days. A two-chamber
ulturing system was used, which contains a collagen
embrane with the floating skin explants placed on top of
he membrane. In back-skin explants of wild-type E15.5
mbryos, the epidermis has already several layers of differ-
ntiated epidermal keratinocytes. Very few hair follicles are
resent at this point.
Explants treated with TGF-b2 (100 ng/ml) for 1 or 2 days
showed a significantly more advanced development of hair
follicles and an increased number of hair buds, especially at
the border of the explant (Figs. 6A and 6B). In all cases we
analyzed serial sections corresponding to different depths of
tissue. Quantification of the number of follicles in TGF-b2-
treated skin explants showed an average of 5–6 follicles/mf
while control skin showed only 2 follicles/mf (Fig. 6C).
BrdU incorporation in TGF-b2-treated and control explants
as similar.
To test whether the observed effects of TGF-b2 were
specific for this isoform, similar experiments were repeated
treating skin explants with TGF-b1 (100 ng/ml). TGF-b1
inhibited hair follicle morphogenesis in vitro. After 2 days
n culture there was a 50% reduction in hair bud formation
Figs. 7A–7C, stages 1 and 2) in the skin explains treated
ith TGF-b1 relative to the controls. The hair buds in the
TGF-b1-treated samples were smaller than in the controls
nd reached less deeply into the dermis. Only 4–5 BrdU1
ells/mf could be detected in the TGF-b1-treated skin
xplants after 2 days compared to 20 BrdU1 cells/mf in
ontrol skins.
Since establishment of a local growth factor gradient is
onsidered to be crucial in many developmental processes
Ting-Berreth and Chuong, 1996b; Gurdon et al., 1994), in a
second set of experiments we evaluated the effects a local
gradient created by placing TGF-b2-coated Affi-gel blue
eads on top of skin explants for 24 h. Since some hair
ollicles are already spontaneously induced in E15.5 back
kin, explants of E14.5 embryos were used for these studies.
fter 24 h exposure, the epidermis around the TGF-b2-
oaked beads was hyperplastic and showed induction of 20
pithelial hair buds with adjacent mesenchymal condensa-
ions around 22 counted beads (Figs. 8C and 8D). Skin
xplants treated with control beads showed only 4 hair
ollicles (Figs. 8A and 8B) around 22 counted beads.
Opposite results were obtained after placing TGF-b1-
s of reproduction in any form reserved.
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286 Foitzik et al.coated slow-release beads on top of E14.5 fetal skin ex-
plants. In contrast to the changes observed around TGF-b2-
oated beads, the epidermis around TGF-b1 beads showed a
educed induction of hair follicles together with reduced
rdU uptake, a thin epidermis, and pyknotic nuclei (Figs. 8E
nd 8F).
Thus, TGF-b2 is by itself capable of inducing hair follicle
development in vitro and this effect is specific for the
TGF-b2 isoform, not being observed with TGF-b1.
DISCUSSION
In this study, we have examined the contribution of the
individual TGF-b isoforms to the initial stages of hair
ollicle development. To see whether the lack of one of the
GF-b isoforms is required for hair follicle development
nd skin maturation, we analyzed the back skin of mice
ith a disruption of the TGF-b1, 2, and 3 genes. TGF-b2
null mice revealed a profound delay of hair follicle induc-
tion and morphogenesis, with a reduced number of hair
follicles and 50% thinner skin. In contrast, TGF-b1-
deficient mice showed a marginal progression of hair fol-
licle development, while lack of the TGF-b3 gene did not
have any effects. Treatment of embryonic skin explants
with TGF-b2 protein induced hair follicle development,
while TGF-b1 suppressed it. Thus, the TGF-b2 isoform
functions as a specific inducer of hair follicle morphogen-
esis and is both required and sufficient to promote this
process.
All three TGF-b isoforms are known to have potent
growth-suppressing effects on cultured keratinocytes (Rob-
erts et al., 1990; Massague et al., 1992; Moses and Serra,
1996). So far, most of the in vivo studies have been focused
on TGF-b1 and the results are consistent with its in vitro
rowth inhibitory effects. For instance, overexpression of
GF-b1 in the epidermis results in a reduced number of hair
ollicles and an impaired proliferation of the epidermis
Sellheyer et al., 1993). The skin of TGF-b1-deficient mice
as previously shown to have an increased number of
roliferating keratinocytes (Glick et al., 1994) and TGF-b1
nhibited growth and thymidine incorporation of anagen
air follicles in organ culture (Philpott et al., 1994). In
parallel with these findings, we have shown here that
TGF-b1 deficiency results in an increased number of fully
eveloped hair follicles at birth and in a delayed entry of the
rst catagen phase in 18-day-old mice (Foitzik et al., in
reparation). More directly, treatment of skin organ culture
ith TGF-b1 was found to inhibit hair follicle development
and keratinocyte proliferation. In striking contrast to TGF-
b1, direct treatment with TGF-b2 potently stimulates hair
follicle formation and at the same time produces epidermal
hyperplasia. TGF-b2 inhibits keratinocyte growth to the
ame extent as TGF-b1, when tested not only on cultured
newborn keratinocytes, but also on keratinocytes derived
from E15.5 embryos, the same age as those used for skin
explants (R. Okuyama, K. Foitzik, and G. P. Dotto, unpub- t
Copyright © 1999 by Academic Press. All rightlished observation). Thus, the strong stimulatory effect of
FIG. 7. Treatment of embryonic skin explants with TGF-b1 sup-
presses hair follicle development. BrdU-stained skin explants either
vehicle (A) or TGF-b1-treated (100 ng/ml) after 2 days in culture (B).
Scale bar: 80 mm. (C) Total number of follicles/mf (four fields per
ection/explant) in TGF-b1-treated skin explants (n 5 12/group) and
control were compared by unpaired two-tailed Student t test. y-axis
hows number of follicles in percent/microscopic field. Data were
ooled from three independent experiments and shown as means 6
D. P value: ***0.001.TGF-b2 in vivo is a novel and exciting finding that remains
o be explained. An attractive hypothesis is that TGF-b2
s of reproduction in any form reserved.
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287Role of TGF-b2 in Hair Follicle Developmentinduces other growth factors, possibly produced by cells
other than keratinocytes, which are not present in the in
vitro cultures, and that these other growth factors are
responsible for keratinocyte growth stimulation and hair
follicle induction.
Consistent with TGF-b2 inductive effects on hair follicle
ormation, lack of TGF-b2 results in a decreased number of
air follicles and in a profound delay of hair follicle matu-
ation. The thickness of the dermis increases physiologi-
FIG. 8. TGF-b2-coated slow-release beads induce epidermal hyper
B) Epidermis of E14.5 embryonic skin explants exposed to noncoat
or 24 h. Note hair buds (arrows) and epidermal hyperplasia a
ndependent experiments. Hair follicles around 22 beads/group we
beads compared to 4 hair follicles around control beads and 3 folli
o TGF-b1-coated beads (20 mg/ml). (Left panel) Scale bar: 120 mmally during the anagen phase of the hair cycle (Hansen et
l., 1984; Paus et al., 1990) and also increases during
Copyright © 1999 by Academic Press. All righteonatal hair follicle development. The observed reduced
ermal thickness in TGF-b2-deficient mice could therefore
reflect their delayed hair follicle development, but may also
be due to a substantial effect of the absence of TGF-b2
protein on dermal cells. However, this effect must be
specific for TGF-b2, since lack of TGF-b1 and TGF-b3 did
not result in a reduced dermal thickness.
We have detected the expression of ligand-binding TGF-b
type II receptor in those keratinocytes which are destined to
a and hair follicle buds in E14.5 CD-1 wt skin explants in vitro. (A,
ffi-gel blue beads for 24 h. (C, D) TGF-b2-coated beads (20 mg/ml)
TGF-b2-coated beads. Similar results were obtained in three
unted with a total number of 20 follicles around TGF-b2-coated
round TGF-b1-coated beads. (E, F) Skin explants exposed for 24 h
t panel) scale bar: 40 mm.plasi
ed A
round
re coform a hair follicle, even before morphological changes
become visible in the epidermis (Paus et al., 1997). The
s of reproduction in any form reserved.
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288 Foitzik et al.current data suggest that TGF-b2 may bind to TGF-b type II
receptor and may thus form an integral component of the
initial phase of epithelial–mesenchymal signaling that
drives hair follicle induction.
Mice deficient for sonic hedgehog (shh) show a similar
phenotype as TGF-b2 null mice including arrest of hair
follicle development at the stage of hair buds and reduction
of total number of hair follicles (St-Jacques et al., 1998). The
stronger block of hair follicle development in shh null mice
suggests that TGF-b2 may function downstream of shh.
This would be consistent with previous findings in the
chicken feather system (Ting-Berreth and Chuong,
1996a,b).
Recently, several molecules like wnt, FGFs, BMPs, notch,
and b-catenin (Oro and Scott, 1998; Philpott and Paus, 1998;
Gat et al., 1998; Stenn et al., 1996) have attracted the
greatest attention as mediators of epithelial–mesenchymal
interactions during skin appendage development. While
b-catenin and Lef-1 have recently been shown to be respon-
sible for hair spacing (Gat et al., 1998), FGFs and BMP2/4
appear to control formation of the feather placode and shh
epithelial outgrowth (Jung et al., 1998; Oro and Scott, 1998;
St-Jacques et al., 1998; Gat et al., 1998). Our data indicate
that TGF-b2 can induce primordial hair germ formation
nd, at the same time, is required for the later downgrowth
f the epithelial placode. Future studies will have to further
larify, whether, how, and when the specific TGF-b2 signal
s communicating with the other regulatory pathways.
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